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Abstract 
Spin-transfer-torque, a transfer of angular momentum between the electron spin and the 
local magnetic moments, is a promising and key mechanism to control ferromagnetic 
materials in modern spintronic devices. However, much less attention has been paid to 
the same effect in antiferromagnets. For the sake of investigating how the spin current 
interacts with the magnetic moments in antiferromagnets, we perform spin-torque 
ferromagnetic resonance measurements on Co20Fe60B20/Ir25Mn75/Pt multilayers under a 
spin Hall effect of Pt. The effective magnetic damping in CoFeB is modified by the spin 
current injected from the Pt layer via the IrMn layer. The results indicate that the spin 
current interacts with IrMn magnetic moments and exerts the anti-damping torque on 
the magnetic moments of CoFeB through the IrMn. It is also found that the reduction of 
the exchange bias in the IrMn/Pt interface degrades the anti-damping torque exerted on 
the CoFeB layer, suggesting the transmission of the spin torque becomes less efficient 
as the interface exchange coupling degrades. Our work infers that the magnetic 
moments in IrMn can be manipulated by spin torque similarly to the one in a 
ferromagnetic layer. 
*
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Antiferromagnet (AFM) is a magnetic material which has local anisotropic 
magnetic moments but has no net magnetic moment as a whole. Since AFMs have no 
spontaneous magnetization unlike ferromagnetic materials (FMs) and the magnetic 
susceptibility is very small, it is generally not easy to manipulate the magnetic moments 
in AFMs by an external magnetic field. However, recent theoretical studies 
1,2,3,4,5 
suggest a possibility of manipulating the magnetic moments in AFMs by 
spin-transfer-torque (STT) in a similar manner to FMs
6,7
. 
While a number of theoretical studies have been reported on interaction between 
spin current and order parameters of AFM, only few experimental work have been 
reported so far. Wei et al. 
8
 reported that the electric current flowing in the 
FeMn/CoFe/Cu/CoFe spin valve can alter the exchange-bias, implying the magnetic 
moments in AFM is influenced by STT. Urazhdin et al.
9
 also reported that under strong 
current injection in the nano-patterned spin valves the exchange bias at AFM/FM can be 
altered due to both the spin transfer torque and electron-magnon scattering. These 
previous reports
8,9
 focused on the current-perpendicular-to-the-plane (CPP) 
measurements in the FM/AFM bilayer where the current flowing through FM is 
spin-polarized and interacts with the AFM magnetic moments. However, it is not clear 
whether or not the alternation of the exchange bias is due to the STT acting on the bulk 
AFM magnetization. It remains possible that the effect is due to the uncompensated 
moment at the FM/AFM interface which interacts with the STT. It is still of great 
interest to further experimentally investigate the interaction of spin current and AFM 
magnetic moments and to pursue potential applications in emerging antiferromagnetic 
spintronics
10,11
. 
The spin-torque ferromagnetic resonance (ST-FMR) measurement technique 
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developed for spin valves
12
 and magnetic tunnel junctions
13,14 
and later applied to the 
system involved with spin Hall effect (SHE)
15
 is a useful method for quantifying the 
spin torque exerting in the system. As above mentioned previous reports
8,9
 focus only 
on the response of the magnetization direction under the application of the spin torque, 
the ST-FMR can quantify another important parameter, magnetic damping, which is 
directly connected to the interaction between the magnetic moments and the spin 
angular momentum carried by the spin current. In this study, we perform ST-FMR 
measurements on AFM/FM bilayers to experimentally investigate the transfer of the 
spin angular momentum into the magnetic moments in AFM. Our ST-FMR 
measurement enables to inject spin current directly to AFM without a help of 
spin-polarizing FM layer, which makes this work essentially clearer and different than 
the previous reports. 
We prepare Co20Fe60B20 5 nm/Ir25Mn75 tIrMn nm/Pt 4 nm multilayers on a thermally 
oxidized Si substrate by magnetron sputtering. The film is patterned into 4 ~ 10 μm 
wide strips attached to a coplanar waveguide facilitating both the r.f. and d.c. current 
injection into the strip. The d.c. electric current flowing in Pt layer invokes a spin Hall 
effect and injects a pure spin current into the neighboring IrMn layer as shown in Fig. 
1(a). ST-FMR is performed by sweeping the external magnetic field at a fixed frequency 
of the r.f. current. Figure 1(b) shows the measurement configuration together with our 
coordinate system. The positive electric current is defined when it flows along the 
positive y direction. The external positive magnetic field is applied in the sample plane 
and at 45º away from x axis. We apply nominal r.f. power up to 14 dBm and d.c. current 
up to 2 mA to the strip. All the measurements are performed at room temperature.  
The expected rectified dc voltage Vdc is written as
15
, 
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𝑉𝑑𝑐 =
1
4
(
𝑑𝐻
𝑑𝑓
)|
𝐻𝑒𝑥=𝐻0
𝑑𝑅
𝑑𝜃
𝛾(𝐼𝑅𝐹)
2 sin 𝜃
2𝜋𝜎
 (𝑃𝑠𝑆(𝜔) + 𝑃𝐴 𝐴(𝜔) ),          (1) 
where γ = 1.76 x 1011 T-1s-1 is the gyromagnetic ratio, Hex is the external field, and IRF is 
r.f. current flowing in the strip. 𝑆(𝜔) = 1 ((𝐻𝑒𝑥𝑡 − 𝐻0)
2 𝜎2⁄ + 1)⁄  and 𝐴(𝜔) =
((𝐻𝑒𝑥𝑡 − 𝐻0) 𝜎⁄ ) ((𝐻𝑒𝑥𝑡 − 𝐻0)
2 𝜎2⁄ + 1)⁄  are the symmetric and the antisymmetric 
Lorentzian, respectively. The prefactors are  𝑃𝑠 = (𝜕𝜏𝑆𝐻𝐸 𝜕𝐼⁄ )(1 𝑀𝑠𝑉𝑜𝑙⁄ )  and 
 𝑃𝐴 = (𝜕ℎ 𝜕𝐼⁄ )√1 + 4𝜋𝑀𝑒𝑓𝑓 𝐻𝑒𝑥⁄ , where 𝜏𝑆𝐻𝐸  is the anti-damping torque due to the 
SHE, ℎ  is sum of the field torque and field-like torque17,18, Ms is saturation 
magnetization of the CoFeB, and 4𝜋𝑀𝑒𝑓𝑓 is the effective demagnetizing field. We 
expect 𝑑𝑅 𝑑𝜃⁄  to be a finite value due to anisotropic magnetoresistance (AMR) of the 
CoFeB. The resonant field 𝐻0 and resonant frequency 𝜔0 follow the Kittel equation 
as, 
𝜔0 = 𝛾√(𝐻0 + 𝐻𝑒𝑏)(𝐻0+𝐻𝑒𝑏 +  4𝜋𝑀𝑒𝑓𝑓 ) ,                              (2) 
where 𝐻𝑒𝑏 is the unidirectional exchange bias field. All parameters except 𝜕𝜏𝑆𝐻𝐸 𝜕𝐼⁄  
and 𝜕ℎ 𝜕𝐼⁄  in Eq. 1 are experimentally obtainable. The Lorentzian linewidth 𝜎 is 
proportional to the intrinsic damping α0 as, 
𝜎 =
𝜔0
𝛾
𝛼0.                                                (3) 
The linewidth is modified by the spin current density (ℏ 2𝑒⁄ )𝐽𝑠 under the spin Hall 
angle 𝜃𝑆𝐻 = 𝐽𝑠 𝐽𝑐⁄  where Jc is the electric current density flowing in the spin Hall 
material; 
𝜎 =
𝜔0
𝛾
(𝛼0 +
cos 𝜃
(𝐻𝑒𝑥 + 2𝜋𝑀𝑒𝑓𝑓)𝑀𝑠𝑡𝐹𝑀
ℏ
2𝑒
𝜃𝑆𝐻𝐽𝑐) ,                              (4) 
where ℏ is the reduced Planck constant, e is the elementary charge, and tFM is the 
thickness of the magnetic layer. It should be noted that the linewidth is sensitive to the 
anti-damping torque not to the field-like torque. 
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Figure 2(a) shows typical spectra of Vdc as a function of the external field at the 
different r.f frequencies in CoFeB 4nm/IrMn 23 nm/Pt 4 nm. As Eq. 1 indicates, the 
combination of symmetric and anti-symmetric Lorentizan can be seen around the 
resonant field at each r.f. frequency. We confirm that there are no hysteretic behaviors in 
the resonant spectra above |500| Oe (see the inset of Fig. 2(a)). It is found that the 
resonant fields differ in positive and negative external field as shown in Fig. 2(b), 
implying that there is a unidirectional exchange bias in the CoFeB layer. By fitting with 
Eq. 2, we extract the unidirectional anisotropy to be 47 Oe and 4𝜋𝑀𝑒𝑓𝑓 to be 1.4 Tesla 
which is consistent with the saturation magnetization of 1.4 Tesla measured by SQUID 
magnetometry. More precise measurements determine the unidirectional field direction 
to be along the positive y direction and the magnitude to be about 100 Oe (see 
supplementary information). In the case of the CoFeB 4nm/Pt 4 nm bilayer, we found 
4𝜋𝑀𝑒𝑓𝑓 to be 1.2 Tesla due to a sizable interfacial perpendicular anisotropy at the 
CoFeB/Pt interface
16
.  
Figure 3(a) shows the ratio of PS to PA for CoFeB 4nm/IrMn tIrMn nm /Pt 4 nm with 
tIrMn = 0, 11, and 23 nm. Since PS and PA are proportional to 𝜕𝜏𝑆𝐻𝐸 𝜕𝐼⁄  and 𝜕ℎ 𝜕𝐼⁄ , 
respectively, 𝑃𝑆 𝑃𝐴⁄  represents the ratio of the anti-damping torque over the sum of the 
field torque and field-like torque. Finite value of PS /PA indicates that we have an 
anti-damping torque in the system. The monotonous increase in PS /PA with the external 
field originates from the field dependence of PA. It is found that PS /PA is largest with 
tIrMn = 0 nm and becomes very small with tIrMn = 11 nm. It is remarkable that the PS /PA 
again takes the appreciable value with thicker IrMn (tIrMn = 23nm). We also confirm that 
the sign of the 𝜕𝜏𝑆𝐻𝐸 𝜕𝐼⁄  derived from PS for the positive current is consistent with the 
spin torque direction created by the spin Hall effect in Pt layer. It would be possible to 
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extract the magnitude of the spin torque from 𝑃𝑆 𝑃𝐴⁄  itself in a self-consistent way
15
. 
However, as it might mislead the final results without accurately evaluating the 
field-like torque arising from Rashba effect and spin-orbit torque
17 ,18  
which may 
possibly be expected in our system, in the following discussion we take advantage of 
the linewidth analysis based on Eq. 4 rather than using PS /PA .  
Figures 3(b), (c) and (d) shows the dc current Icd dependence of the linewidth at f = 
9 GHz for CoFeB 4nm/IrMn tIrMn nm /Pt 4 nm with tIrMn =0, 11, and 23 nm. As one 
expects from the finite value of PS /PA discussed above, the effective damping is indeed 
modified by the spin current even with tIrMn ≠ 0 nm. Assuming that IrMn is not 
transparent for the spin polarized current (the spin diffusion length is reported to be 
about < 1nm
19
), the results suggest that the angular momentum of the spin current is 
transferred into the collection of AFM magnetic moments and it modifies the effective 
damping of the CoFeB layer via the exchange coupling at IrMn/CoFeB. The slope of 
the linear fitting Δσ/Idc as shown in Figs. 3 (a), (b), and (c) is plotted against the IrMn 
thickness in Fig. 4(a). Δσ/Idc is largest with tIrMn = 0 nm and the insertion of IrMn as thin 
as 2 nm suddenly drops Δσ/Idc. It is then subsided until 16 nm of IrMn. This dependence 
is not typically observed by the insertion of spin-diffusive paramagnetic materials like 
Cu
20
 where injected spin current decays with a length scale of the spin relaxation of the 
paramagnetic materials. In this case, one would expect a monotonous decrease of Δσ/Idc 
with the thickness of the paramagnetic material insertion. 
Δσ/Idc represents how efficient the spin current is transferred into the CoFeB layer 
via the IrMn layer with the form transformed from Eq. 4; 
∆𝜎 𝐼𝑑𝑐⁄  =
𝜔0
𝛾
cos 𝜃
(𝐻𝑒𝑥 + 2𝜋𝑀𝑒𝑓𝑓)𝑀𝑠𝑡𝐹𝑀 𝑤
ℏ
2𝑒
(𝛽
𝜃𝑆𝐻,𝑃𝑡𝑟𝑃𝑡
𝑡𝑃𝑡
),                     (5) 
where w is the width of the strip, 𝑟𝑃𝑡is the shunt current ratio in the Pt layer, and 𝑡𝑃𝑡 is 
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the thickness, and  (0 ≤   ≤  1) is the spin-transfer efficiency in the IrMn layer.  = 
1 when the all injected spin current exerts a spin torque on the CoFeB layer through the 
IrMn layer and  = 0 when it is dissipated within the IrMn layer before reaching to the 
CoFeB layer. To accurately evaluate Δσ/Idc, we separately measure the resistivity of 
each layer to be 1.4 x 10
-6
, 1.9 x 10
-6
, and 3.0 x 10
-7
 Ω m for CoFeB, IrMn, and Pt, 
respectively, and then calculate the shunt current ratio of the Pt layer. We estimated the 
spin Hall angle for the Pt layer to be 0.09  0.01 by a CoFeB 4nm/Pt 4nm bilayer. We 
also characterized the spin Hall angle for the IrMn layer and concluded that the effect is 
negligible (See the supplementary information). For the sample with tIrMn ≠ 0 nm, the 
shunt current ratio in Pt decreases with increasing the IrMn thickness.  
The dotted curve in Fig. 4 is the calculated Δσ/Idc based on Eq. (5) by assuming  = 
1.  The calculated Δσ/Idc decreases with increasing IrMn thickness because of the 
decrease in the shunt current ratio in Pt by the current shunting in the IrMn layer. In 
other words, this theoretical curve represents the spin torque which the CoFeB layer 
receives based on the current flowing in the Pt layer as if there exist no IrMn insertion 
layer which may dissipate the spin angular momentum. The  = 1 curve does not 
reproduce the measured Δσ/Idc until 16 nm. Our results surprisingly indicate  ~ 1 for 
IrMn thicker than 16 nm, implying that the spin torque is interacting with the CoFeB 
magnetization through the IrMn layer. We speculate that this peculiar spin transfer 
torque through the antiferromagnet may be attributed to the angular momentum transfer 
mediated by antiferromagnetic spin fluctuations
21
. First, the injected spin current 
interacts with the magnetic moment at the Pt/IrMn interface and induces magnetic 
excitations. The magnetic excitation then propagates and transfers the spin angular 
momentum into the CoFeB layer. The discrepancy between the measured Δσ/Idc and the 
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calculation in the thinner IrMn regime then indicates the breakdown of this hypothesis 
and can be explained by the following mechanisms.  
The important factors are the exchange coupling at the IrMn/CoFeB interface and 
the IrMn thickness dependence of the blocking temperature
22,23,24
. Even if the magnetic 
excitations are transmitted from the Pt/IrMn interface, absence of the magnetic coupling 
at the IrMn/CoFeB interface cannot effectively transfer the angular momentum to the 
CoFeB layer or influence the linewidth. Our results clearly show that the strength of the 
exchange bias as a function of the IrMn thickness coincides with the trend of Δσ/Idc (see 
Fig. 4(a) and (b)). Namely, small exchange bias yields small β. It is also possible that 
the small β in thinner IrMn layer is due to the Néel temperature degradation25 at which 
the angular momentum transfer by the antiferromagnetic excitation becomes inefficient. 
In addition, we estimated the IrMn thickness dependence of the intrinsic damping 
constant in absence of the spin current as shown in Fig.4 (c). The intrinsic damping also 
has a similar trend to the exchange bias as well as Δσ/Idc. Here, the intrinsic damping is 
estimated from the slope of the linear fitting to the frequency dependence of the 
linewidth (examples are shown in the inset of Fig. 4) so that the extrinsic damping 
contributions such as the two-magnon scattering
26
 due to magnetic inhomogeneity 
induced at the AFM/FM interface
27
 is successfully ruled out. The increase of the 
intrinsic damping coinciding with the emergence of the exchange bias strongly suggests 
that the dynamics of the FM moment is nonlocally influenced by the AFM
28
. Namely, 
the angular momentum of the precessing FM is dissipated into the AFM through the 
exchange coupled AFM/FM interface. This is another evidence that there is a channel 
for the angular momentum flow through the magnetic coupling at AFM/FM. Thus, all 
the observations support our scenario that the spin torque is mediated by the 
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antiferromagnetic excitation through the IrMn layer.  
In summary, we investigate the interaction between spin current and magnetic 
moments in the antiferromagnetic IrMn in the structure of CeFeB 4nm/IrMn tIrMn nm/Pt 
4 nm by using ST-FMR technique. We find that the linewidth, that is proportional to the 
effective damping, changes as a function of the spin current even with tIrMn ≠ 0 nm. The 
results indicate that the spin current is transferred and exerts a spin torque on the CoFeB 
layer through the IrMn layer. We speculate the spin current interacts with IrMn 
magnetic moments and exerts the anti-damping torque on the magnetic moments of 
Co20Fe60B20 through the IrMn. The decrease of the spin-transfer efficiency  in the IrMn 
thickness < 16nm is explained by the lack of the interfacial exchange coupling. Our 
results manifest that a remarkable interaction between spin current and the 
magnetization in the antiferromagnet as theories have predicted
1,2,3,4,5
. Our work infers 
that the magnetic moments of the antiferromagnetic IrMn can be manipulated by the 
spin transfer torque similarly to the ferromagnetic materials, raising those relatively 
abandoned materials to an emerging antiferromagnetic spintronics
11
. 
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Figure 2 Moriyama et al. 
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Figure 3 Moriyama et al. 
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Figure 4 Moriyama et al. 
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FIGURE CAPTIONS: 
 
FIG. 1 Schematic illustrations of the sample and measurement setup. (a) The sample 
cross section of CoFeB/IrMn/Pt deposited on a Si/SiOx substrate. The electric current 
flowing laterally in the Pt layer invokes the spin Hall effect and injects a spin current 
into the neighboring IrMn layer. (b) The sample is patterned into 4 ~ 10μm-wide strip 
and is connected to coplanar waveguide so that ST-FMR measurement can be 
performed. 
 
FIG. 2 (a) Vdc spectra from the ST-FMR measurements on CoFeB 4nm/IrMn 23 nm/Pt 4 
nm with Idc = 0 mA. The r.f. frequency is varied up to 15 GHz. The black curves are 
fitting with Eq. 1. The inset shows the full Vdc spectrum at 9 GHz with back and forth 
scanning between -2400 Oe and 2400 Oe. (b) The resonant frequency as a function of 
the positive (red) and negative field (blue).  
 
FIG. 3 (a) PS/PA as a function of Hex for tIrMn = 0 nm (black), 11 nm (blue), 23nm (red). 
Change in linewidth Δσ as a function of Idc for (b) tIrMn = 0 nm, (c) tIrMn = 11 nm, (d) 
tIrMn = 23 nm at the resonant frequency of 9 GHz. The open and solid circles are 
respectively for the positive field and negative field. Fitted slope is Δσ/Idc = 1.19  0.04 
(Oe/mA) in the positive field and Δσ/Idc = 1.11  0.03 (Oe/mA) in the negative field for 
tIrMn = 0 nm. Δσ/Idc = 0.23  0.05 (Oe/mA) in the positive field and Δσ/Idc = 0.15  0.06 
(Oe/mA) in the negative field for tIrMn = 11 nm. Δσ/Idc = 0.44  0.08 (Oe/mA) in the 
positive field and Δσ/Idc = 0.64  0.1 (Oe/mA) in the negative field for tIrMn = 23 nm. 
 
FIG. 4 (a) Δσ/Idc as a function of IrMn thickness. The dotted blue curve is the calculated 
15 
 
Δσ/Idc based on Eq. 4 with  = 1. (b) Exchange bias field as a function of IrMn thickness. 
(c) The intrinsic damping at Idc = 0 mA as a function of IrMn thickness. The inset shows 
examples of the linear fitting on the frequency dependence of the linewidth for 
estimating the intrinsic damping
26
.  
 
  
16 
 
REFERENCES 
                                                   
1
 A. H. MacDonald and M. Tsoi, Phil. Trans. R. Soc. A 369, 3098 (2011). 
2
 A. S. Núñez, R. A. Duine, P. Haney, and A. H. MacDonald, Phys. Rev. B 73, 214426 (2006). 
3
 P. M. Haney and A. H. MacDonald, Phys. Rev. Lett. 100, 196801 (2008). 
4
 H. V. Gomonay and V. M. Loktev, Phys. Rev. B 81, 144427 (2010). 
5
 A. C. Swaving and R. A. Duine, Phys. Rev. B 83, 054428 (2011). 
6
 J.C. Slonczewski, J. Magn. Magn. Mater. 159, L1 (1996) 
7
 D. C. Ralph and M. D. Stiles, J. Magn. Magn. Mater. 320, 1190 (2008). 
8
 Z. Wei, A. Sharma, A. S. Nunez, P. M. Haney, R. A. Duine, J. Bass, and A. H. MacDonald, and M. 
Tsoi, Phys. Rev. Lett. 98, 116603 (2007) 
9
 S. Urazhdin and N. Anthony, Phys. Rev. Lett. 99, 046602 (2007). 
10
 B. G. Park, J. Wunderlich, X. Martí, V. Holý, Y. Kurosaki, M. Yamada, H. Yamamoto, A. Nishide, 
J. Hayakawa, H. Takahashi, A. B. Shick, and T. Jungwirth, Nat. Matter. 10, 347 (2011) 
11
 X. Marti, I. Fina, C. Frontera, J. Liu, P. Wadley, Q. He, R. J. Paull, J. D. Clarkson, J. 
Kudrnovský, I. Turek, J. Kuneš, D. Yi, J-H. Chu, C. T. Nelson, L. You, E. Arenholz, S. Salahuddin, J. 
Fontcuberta, T. Jungwirth, and R. Ramesh, Nat. Mater. 13, 367 (2014) 
12
 J. C. Sankey, P. M. Braganca, A. G. F. Garcia, I. N. Krivorotov, R. A. Buhrman, and D. C. Ralph, 
Phys. Rev. Lett. 96, 227601 (2006) 
13
 H. Kubota, A. Fukushima, K. Yakushiji, T. Nagahama, S. Yuasa, K. Ando, H. Maehara, Y. 
Nagamine, K. Tsunekawa, D. D. Djayaprawira, N. Watanabe, and Y. Suzuki, Nat. Phys. 4, 37 (2008) 
14
 J. C. Sankey, Y.-T. Cui, J. Z. Sun, J. C. Slonczewski, R. A. Buhrman, and D. C. Ralph, Nat. Phys. 
4, 67 (2008) 
15
 L. Liu, T. Moriyama, D. C. Ralph, and R. A. Buhrman, Phys. Rev. Lett. 106, 036601 (2011). 
16
 J.-M. L. Beaujour, W. Chen, A. D. Kent, and J. Z. Sun, J. Appl. Phys. 99, 08N503 (2006) 
17
 A. Manchon and S. Zhang, Phys. Rev. B 78, 212405 (2008) 
18
 I. M. Miron, G. Gaudin, S. Auffret, B. Rodmacq, A. Schuhl, S. Pizzini, J. Vogel, and P. 
Gambardella, Nat. Mater. 9, 230 (2010) 
19
 R. Acharyya, H. Y. T. Nguyen, W. P. Pratt, Jr., and J. Bass, J. Appl. Phys. 109, 07C503 (2011) 
20
 X. Fan, J. Wu, Y. Chen, M. J. Jerry, H. Zhang, and J. Q. Xiao, Nat. Comm., 4, 1799 (2013) 
21
 H. Wang, C. Du, P. C. Hammel, and F. Yang, Phys. Rev. Lett. 113, 097202 (2014) 
22
 A. E. Berkowitz, and K. Takano, J. Magn. Magn. Mater. 200, 552 (1999) 
23
 H. N. Fuke, K. Saito, M. Yoshikawa, H. Iwasaki, and M. Sahashi, Appl. Phys. Lett. 75, 3680 
(1999) 
24
 H. Xi and R. M. White, J. Appl. Phys. 94, 5850 (2003) 
25
 F. Offi, W. Kuch, and J. Kirschner, Phys. Rev. B 66, 064419 (2002) 
26
 J. Lindner, I. Barsukov, C. Raeder, C. Hassel, O. Posth, and R. Meckenstock, P. Landeros, and D. 
17 
 
                                                                                                                                                     
L. Mills, Phys. Rev. B 80, 224421 (2009) 
27
 S. M. Rezende, M. A. Lucena, A. Azevedo, F. M. de Aguiar, J. R. Fermin, and S. S. P. Parkin, J. 
Appl. Phys. 93, 7717 (2003) 
28
 Y. Tserkovnyak, A. Brataas, G. E. W. Bauer, and B. I. Halperin, Rev. Mod. Phys. 77, 1375 (2005) 
Spin-transfer-torque through antiferromagnetic IrMn 
 
 
T. Moriyama
1
, M. Nagata
1
, K. Tanaka
1
, K-J Kim
1
, H. Almasi
2
, W. Wang
2
, and T. Ono
1
 
1 Institute for Chemical Research, Kyoto University, Japan. 
2 Department of Physics, The University of Arizona, USA 
 
Supplementary information 
 
1. Determination of the exchange bias in Pt/IrMn/CoFeB layers 
To determine the exchange bias field Heb, we performed anisotropic 
magnetoresistance (AMR) measurements in a rotating magnetic field
1
. Figure S1 
shows the AMR as a function of the field angle θ with the field strength of Hex = 400 
Oe (see the definition for Fig. 1 in the main text. ). When the crystalline anisotropy 
and the in-plane shape anisotropy are negligible comparing with the external field, 
the AMR curve is given as
1
 
𝜌 = 𝜌0 + ∆𝜌 cos (tan
−1 (
cos 𝜃 + (𝐻𝑒𝑏 𝐻𝑒𝑥⁄ ) cos 𝜃𝑒𝑏
sin 𝜃 + (𝐻𝑒𝑏 𝐻𝑒𝑥⁄ ) sin 𝜃𝑒𝑏
)),                            (S1) 
where 𝜌0 is the resistivity at 𝜃 = 90° and 𝜃𝑒𝑏 is the direction of the exchange 
bias. The fitting with Eq. S1 yields 𝜃𝑒𝑏 = 90° and 𝐻𝑒𝑏 = 100 Oe for CoFeB 5 
nm/IrMn 23 nm/Pt 4 nm and 𝜃𝑒𝑏 = 90° and 𝐻𝑒𝑏 = 17 Oe for CoFeB 5 nm/IrMn 
11 nm/Pt 4 nm. We used this technique to quantify the exchange bias field for all the 
samples.  
Although we conducted no field cool process for any of the samples, for thicker tIrMn 
we clearly observe the unidirectional anisotropy. We suspect that the sample stage 
motion during the sputtering deposition may have induced the exchange bias field. 
We additionally checked the existence of the exchange bias by conducting a field 
cool. The field cool did not alter the thickness dependence of the exchange bias 
shown in Fig. 4(b).   
 
Figure S1 AMR as a function of the field angle θ for (a) CoFeB 5 nm/IrMn 23 nm/Pt 
4 nm and (b) CoFeB 5 nm/IrMn 11 nm/Pt 4 nm. The blue curves are the fitting with 
Eq. S1. 
 
2. Estimation of the resistivity in each layer 
The conductivity of each layer is determined by measuring a set of samples varying 
the layer thickness of each material. The measurements are performed by a 
conventional two probe method. Assuming the parallel conductance model as 
Σ𝑡𝑜𝑡 = (𝑊/𝐿) ∑ 𝑡𝑋𝜎𝑋𝑋 ,                                                               (S2)                   
where X = CoFeB, IrMn, Pt, and σ is the conductivity of each material. Note that we 
only assume the bulk conductance and did not take into account any interfacial 
conductance. We obtain the resistivity 1/σCoFeB = 1.4 x 10
-6Ω m, 1/σIrMn = 1.9 x 10
-6
 
Ω m, and σPt = 3.0 x 10
-7 Ω m. 
3. Determination of the spin Hall angle in the Pt layer 
Determination of the spin Hall angle has been a controversial issue
2,3,4,5,6,7
. Different 
measurement techniques give different spin Hall angle ranging from 0.01 to 0.12 for 
Pt. The large spread in the reported values may be due to a variation of other 
important parameters used to derive the spin Hall angle such as the interfacial spin 
mixing conductance at FM/Pt and the spin diffusion length of Pt. These parameters 
can be influenced significantly by the quality of the sample. In other words, how the 
samples are prepared can strongly affect the spin Hall angle estimation. In our 
experiment, we refer to the d.c. current dependence of the linewidth to estimate the 
spin Hall angle of the Pt layer. Fitting the data in Fig. 3(b) with 
∆𝜎 𝐼𝑑𝑐⁄  =
𝜔0
𝛾
cos 𝜃
(𝐻𝑒𝑥 + 2𝜋𝑀𝑒𝑓𝑓)𝑀𝑠𝑡𝐹𝑀 𝑤
ℏ
2𝑒
(
𝜃𝑆𝐻,𝑃𝑡𝑟𝑃𝑡
𝑡𝑃𝑡
) ,                     (𝑆3) 
yields 𝜃𝑆𝐻,𝑃𝑡 = 0.09  0.01, which is reasonably within the range of the reported 
values. Note that we did not measure the spin diffusion length for the Pt or the spin 
mixing conductance in the sample, and that we presumed the spin diffusion length to 
be much smaller than the thickness and we ignored the spin mixing conductance for 
our spin Hall angle estimation. Therefore, we do not intend to claim a definite 
accuracy of the intrinsic spin Hall angle of Pt in this work.  
 
4. The spin Hall angle in the IrMn layer 
It would be possible that IrMn have a spin Hall effect as Ir can give rise to the spin 
Hall effect
8
. We preformed ST-FMR measurements on CoFeB/IrMn/SiO2 
multilayers to check the possibility of IrMn spin Hall effect. If the IrMn layer gives 
rise to the spin Hall effect, the injected spin current into the CoFeB layer decreases 
or increases the linewidth of CoFeB. We tested two different IrMn thicknesses: 10 
nm and 20 nm. As plotted in Fig. S2, we did not observe a clear d.c. current 
dependence on the linewidth. Using 1/σCoFeB = 1.4 x 10
-6Ω m, 1/σIrMn = 1.9 x 10
-6
 Ω 
m, and presumably 𝜃𝑆𝐻,𝐼𝑟𝑀𝑛 ~ 0.05, we estimated the expected slope Δσ/Idc as 
shown in Fig. S2.  Our measurements are indeed not sensitive enough to determine 
spin Hall angle in the IrMn layer with two decimal places because of its high 
resistivity. In the discussion in the main text, we disregard the IrMn spin Hall effect 
for calculating Δσ/Idc shown in Fig. 4(a) considering the uncertainty of the value. 
The calculated line in Fig. 4 deviates by at most 9% even if the spin Hall angle as 
much as ~0.05 for IrMn is taken into account because of the small shunt current 
ratio in the IrMn layer.  
 
Figure S2 Δσ as a function of Idc for (a) CoFeB 5 nm/IrMn 10 nm/SiO2 5 nm and (b) 
CoFeB 5 nm/IrMn 20 nm/SiO2 5 nm. The red and blue circles are respectively for 
the positive field and negative field. The dotted lines are estimated slope Δσ/Idc with 
1/σCoFeB = 1.4 x 10
-6 Ω m, 1/σIrMn = 1.9 x 10
-6
 Ω m, and presumably 𝜃𝑆𝐻,𝐼𝑟𝑀𝑛 ~ 0.05.  
 
                                                   
1
 B. H. Miller and E. Dan Dahlberg, Appl. Phys. Lett. 69, 3932 (1996) 
2
 L. Q. Liu, T. Moriyama, D. C. Ralph, R. A. Buhrman, Phys. Rev. Lett. 106, 036601 (2011). 
3
 M. Morota, Y. Niimi, K. Ohnishi, D. Wei, T. Tanaka, H. Kontani, T. Kimura, and Y. Otani, Phys. Rev. B 
83, 174405 (2011).) 
4
 L. Bai, P. Hyde, Y. S. Gui, and C.-M. Hu, V. Vlaminck,J. E. Pearson, S. D. Bader, and A. Hoffmann, 
                                                                                                                                                     
Phys. Rev. Lett. 111, 217602 (2013). 
5
 O. Mosendz, G. Woltersdorf, B. Kardasz, B. Heinrich, and C. H. Back, Phys. Rev. B 79, 224412 (2009). 
6
 M. Obstbaum, M. H¨artinger, H. G. Bauer, T. Meier, F. Swientek, C. H. Back, and G. Woltersdorf, Phys. 
Rev. B 89, 060407 (2014). 
7
 M. Kawaguchi, K. Shimamura, S. Fukami, F. Matsukura, H. Ohno, T. Moriyama, D. Chiba, and T. Ono, 
Appl. Phys. Exp. 6, 113002 (2013) 
8
 Y. Niimi, M. Morota, D. H. Wei, C. Deranlot, M. Basletic, A. Hamzic, A. Fert, and Y. Otani, Phys. Rev. 
Lett. 106, 126601 (2011) 
